ABSTRACT We used quantitative fluorescence microscopy to measure the pH of phagosomes in human monocytes that contain virulent Legionella pneumophila, a bacterial pathogen that multiplies intracellularly in these phagocytes. The mean pH of phagosomes that contain live L. pneumophila was 6.1 in 14 experiments. In the same experiments, the mean pH of phagosomes containing dead L. pneumophila averaged 0.8 pH units lower than the mean pH of phagosomes containing live L. pneumophila, a difference that was highly significant (P < 0.01 in all 14 experiments). In contrast, the mean pH of phagosomes initially containing live E. coil, which were then killed by monocytes, was the same as for phagosomes initially containing dead E. coli. The mean pH of L. pneumophila phagosomes in activated monocytes, which inhibit L. pneumophila intracellular multiplication, was the same as in nonactivated monocytes.
Bacteria: L. pneumophila, Philadelphia 1 strain, was grown in embryonated hens' eggs, then passed one time only on modified charcoal yeast extract agar for 80 h, harvested, suspended in egg yolk buffer, and counted in a Petroffhausser chamber (Arthur H. Thomas Co., Philadelphia, PA) as described (4) . These bacteria were 75-100% viable as determined by measuring the number of colony-forming units in the bacterial suspension. Escherichia cull, serotype 09:K29:H-, strain Bi 161-42, an encapsulated serum-resistant strain, was cultured and grown to mid-logarithmic phase in tryptic soy broth, and prepared for experiments as described (12) . We obtained formalin-killed L. pneumophila and E. cull by incubating the bacteria with 2% formalin for 30 min at 4"C in shaking suspension and then washing the bacteria four times by centrifugation as described. The formalin treatment killed 100% of the bacteria as assayed by measuring colony-forming units of the treated suspension.
Preparation of Fluorescein-labeled Bacteria:
Fhiorescein-labeled L. pneumophila, live or formalin-killed, were prepared by incubating L. pneumophila at a concentration of 1 × 109 bacterial particles/mi with an equal volume of fluorescein-conjugated rabbit anti-L, pneumophila antibody for 20 min at 37°C. Fhiorescein-labeled E. coli, live or formalin-killed, were prepared by a two-stage procedure. First, the bacteria were labeled with human IgG by incubation at a concentration of 2.5 x 10 s bacterial particles/ml at 37"C for 10 min in PBS containing 25% heat-inactivated normal human serum; this serum contains natural antibody (IgG and IgM) against this strain orE. coil (12) . After this incubation, the bacteria were washed twice by centrifugation at 15,000 g for 5 rain. Second, the IgG-coated bacteria were labeled with fluorescein by incubation at a concentration of 2.5 x 108 bacterial particles/ml with an equal volume of fluorescein-conjugated goat anti-human IgG at 370C for 20 min.
After the L. pneumophila and E. coil were labeled, they were washed by centrifugation at 15,000 g for 5 min. At these concentrations of bacteria and antibody, the L. pneumophila and E. coli were saturated with the fluoresceinconjugated antibodies.
Preparation of Fluorescein-labeled Erythrocytes:
Sheep erythrocytes were obtained from the Laboratory Animal Research Center (The Rockefeller University) and labeled with fluorescein by a two-stage procedure. First, we coated the erythrocytes with rabbit IgG by incubating them with rabbit anti-sheep erythrocyte IgG as described (15) and washing them by centrifugation in Ca ++-and Mg++-free PBS (4"C) for 8 min at 750 g. Second, IgG-coated erythrocytes were labeled with fluorescein by incubation at a concentration of 5% (vol/vol) with an equal volume of fluorescein-conjugated goat anti-rabbit IgG at 37"C for 20 min. The erythrocytes were then washed twice by centrifugation in Ca ++-and Mg÷*-free PBS (4"C) for 8 rain at 750 g.
Abbreviations used in this paper: Con A, concanavalin A; RPMI, RPMI 1640 medium.
Phagocytosis of Fluorescein-labeled Particles by Mono-
cytes: Mononuclear cells (2 x l0 7 cells/ml) were incubated in plastic test tubes with fluorescein-labeled live or formalin-killed L. pneumophila (3.75 x 107 celis/ml) or with fiuorescein-labeled live or formalin-killed E. coli (1 x 107 cells/ml) in 10% fresh normal human serum at 37"C at 5% CO2/95% air for 30 min on a gyratory shaker at 200 rpm. As a control for autofluorescence (see below), mononuclear cells were also incubated with L. pneumophila and E. cull that were not labeled with fluorescein, at the same time and under the same conditions. After the incubation, the cells were transferred to 35-ram petri dishes which we prepared especially for fluorescence microscopy by punching 13-mm-diam holes in them and attaching glass coverslips to the bottom surface, as described (16) ; 100 tA of the cell suspension was placed on the 13-mm-diam glass surface at the bottom of the dishes. The cells were incubated at 37"C in 5% CO2/95% air for 30 min to allow the monocytes to adhere. Afterwards, the dishes were virgorously washed to remove the nonadherent cells. In experiments not involving erythrocytes, the monocyte monolayers were then incubated at 37"C in 5 % CO2/95 % air in 2 ml RPMI containing 5 or 10% fresh human serum until just before examination by fluorescence microscopy. In experiments involving activated monocytes, the monocytes were also incubated with Con A supernatant, Con A supernatant control, or buffer control (RPMI). In experiments involving erythrocytes, the monocyte monolayers were incubated with 0.0125% (vot/vol) fluorescein-labeled or unlabeled IgG-coated erythrocytes in RPMI without serum at 37°C in 5% CO2/ 95% air for 30 min, vigorously washed to remove nonadherent crythrocytes, incubated an additional 10 min at 37"C to allow phagocytosis of erythrocytes adhered to the surface of monocytes but not yet ingested, and then cultured in RPMI containing 5% serum until just before examination by fluorescence microscopy.
For examination by fluorescence microscopy, the monocyte monolayers were washed with PBS and cultured in PBS containing 5% serum. At the concentrations of L. pneumophila, erythrocytes, and monocytes used, the majority of monocytes with fluorescent particles contained only one or two bacteria and/or only one or two erythrocytes.
Measurement of Phagosomal pH:
Since fluorescein has a pHdependent fluorescence excitation profile, the pH of fluorescein-containing organelles can be determined from the ratio of the fluorescence intensities resulting from 450-and 490-nm excitation (17) . The fluorescence intensities of a 40-vm-diam circle containing one to three monocytes that had phagocytized fluorescent bacteria or erythrocytes was measured using a Leitz MPV microscope spectrofluorometer mounted on a Diavert inverted microscope as previously described (16, 18) . A similar method has been used with other cells (19, 20) . Monocytes containing fluorescent bacteria or erythrocytes were identified by observation under fluorescence illumination using a silicon-intensified target video camera, and the monocytes were centered in the 40-#m-diam measuring and illumination field. We corrected measurements for intrinsic cellular fluorescence (autofluorescence) by making measurements on parallel cultures of monocytes containing bacteria or erythrocytes not labeled with fluorescein. On the average, autofluoresconce contributed -40% of the total fluorescence at 450 nm and 20% at 490 nm. Measurements were made with a 0. l-s illumination time, which produced negligible bleaching. The pH values were obtained from the ratio of the fluorescence intensities by reference to a standard curve (21) . Monocytes were incubated with fluorescein-labeled live or formalin-killed L.
pneumophila, live or formalin-killed E. coil, or erythrocytes, and then fixed and equilibrated to pH values between 4.5 and 7.5 in the presence of 10 #M monensin (to collapse pH gradients) to ascertain whether the ratio of fluorev cence intensities for these intracellular particles matched those for fluoresceinlabeled transferrin used to generate the standard curve (Fig. I) . Over this pH range, the over-all shape of each curve which relates intensity ratios to pH was the same for all particles. Between pH 5.5 and 7.5, all particles yielded the same 450/490 intensity ratios as the labeled proteins (+ 0.3 pH units) (Fig. 1) .
Digital Image Analysis: Video images were obtained with a modified
Dage 65 silicon-intensified target video camera (Dage-MTI Inc., Wabash, MI) and recorded with a Panasonic NV 8030 video tape recorder. Images were digitized using a CAT-800 image digitizer and analyzed using a MINC 11/23 computer. Four frames of all images were averaged to improve the signal-tonoise ratio. Local background fluorescence was determined using previously described programs (18) and was taken as the 25th percentile of intensity in a 32 x 64 picture element (~6.5 x 13 urn) region.
Particles with intensities above a threshold value in the 490-nm digitized image were identified as L. pneumophila or erythrocytes by visual inspection.
The intensities of the same pixels were measured for the 450-nm image, and the 450/490 intensity ratio for each bacterium and erythrocyte was calculated.
Statistics: Data were analyzed by the two-sample Student's t test, two- 
RESULTS

pH of the L. pneumophila Phagosome
To determine the pH of phagosomes containing live L.
pneumophila, we infected freshly explanted monocytes with fluorescein-labeled L. pneumophila in suspension cultures, plated the monocytes on glass coverslips, and determined the pH of the phagosome by quantitative fluorescence microscopy. The average pH in 14 separate experiments was 6.1 (Table I) . We were able to measure the pH of phagosomes containing live L. pneumophila because our method of fluorescein labeling the bacteria--coating them with fluorescein-conjugated antibodies--was not bactericidal. This method offered additional advantages. Antibody-coated L. pneumophila are completely resistant to the bactericidal effects of serum (23), which allows us to infect monocytes in the presence of complement. Antibody, in the presence of complement, greatly promotes phagocytosis of L. pneumophila (24) with minimal influence on subsequent intracellular events; a small proportion of antibody-and complement-coated L. pneumophila fuse with lysosomes (3) and, under ideal conditions for phagocyte killing, a small proportion of an inoculum is killed by monocytes (24) . However, the other antibody-and complement-coated bacteria multiply in monocytes and at the same rate as L.
pneumophila that enter monocytes in the absence of serum ligands (24) .
To determine if the relatively high pH of the L. pneumophila phagosome was dependent upon the bacteria being alive, we measured the pH of phagosomes containing formalinkilled L. pneumophila in the same experiments in which we measured the pH of phagosomes containing live bacteria. The average pH of phagosomes containing formalin-killed L. pneumophila was 5.4 (Table I) . Although there was considerable variation in the average pH of phagosomes in different experiments, the difference in pH between phagosomes containing live and formalin-killed L. pneumophila was relatively uniform (0.8 __. 0.2 pH units). This difference was highly significant (P < 0.01 for each of the 14 experiments).
We compared the pH of phagosomes containing live L.
pneumophila with those containing formalin-killed L. pneumophila as early as 30 min and as long as 6 h after infection, and we consistently observed the pH difference. In two sets of experiments, we measured the pH of parallel cultures at different times after infection. We performed experiments 3 and 4 (Table I ) on the same day and measured parallel cultures 1.5 h (experiment 3) and 6 h (experiment 4) after infection. Similarly, we performed experiments 6 and 7 on the same day and measured parallel cultures 2.5 h (experiment 6) and 3.5 h (experiment 7) after infection ( formalin-killed L. pneumophila/ml. In all subsequent experiments, monocytes were infected with 3.75 x 107 live or formalin-killed L. pneumophila/ ml, as described in the text. IExperiment 3 was performed on the same day as experiment 4 and experiment 6 was performed on the same day as experiment 7. All other experiments were performed on separate days over a 1-y period.
IThe two values for live L. pneumophila in experiments 10 and 13 are for two preparations of live bacteria. The upper value is for live L. pneumophila freshly harvested as described in the text. The lower value is for live L.
pneumophila harvested in the same way and then flash-frozen and maintained at -80"C until use; under these conditions the bacteria maintained their viability (1) . In all other experiments, freshly harvested L. pneumophila were used. ~Experiments 11, 12, and 14 were performed with 1-d-old monocytes. In all other experiments, freshly explanted monocytes were used. In experiments 11 and 12, the monocytes were cultured for 1 d in RPMI and serum only. In experiment 14, the monocytes were cultured in addition with Con A supernatant control.
(No. 10), the pH was 7.0 ___ 0.5, and in the other (No. 14), the pH was 6.1 _ 0.7.
In most experiments, we infected and assayed freshly explanted monocytes. However, in three experiments (Nos. 11, 12, and 14) we infected 1-d-old monocytes. As with freshly explanted monocytes, we observed a highly significant pH difference between phagosomes containing live and those containing formalin-killed L. pneumophila in 1-d-old monocytes (Table I) .
Within each experiment, pH measurements of phagosomes containing live L. pneumophila tended to be spread over a wide range, whereas pH measurements of phagosomes containing formalin-killed L. pneumophila were clustered relatively tightly about the mean (see Fig. 4 ). This is reflected in Table I by a relatively large standard deviation for pH measurements with live L. pneurnophila and a relatively small standard deviation for pH measurements with formalin-killed L. pneumophila in most experiments. We have no obvious explanation for the wide spread ofpH measurements obtained with live L. pneumophila, although the very low measurements may have been obtained on a small number of dead bacteria in these cultures. We considered the possibility that the fluorescein label on formalin-killed but not live L. pneumophila was altered intracellularly, for example by oxidative metabolites generated by the monocyte, and thus gave a falsely low pH value. However, when we incubated monocytes with live or formalin-killed L. pneumophila (or with live or formalin-killed E. coli, see below) and then fixed and equilibrated them in the presence of monensin to pH values between 4.5 and 7.5, all these bacterial particles yielded the same 450/490 intensity ratios over the pH range 5.5-7.5 as on the standard curve generated with , live E. coil (11) , and formalinkilled E. coil (A). The line shows results of a series of 10 measurements made on solutions of a fluorescein-labeled protein (transferrin) as described (21) . At pH 4.5, the measurements become relatively inaccurate because of the low fluorescence intensity from fluorescein at acidic pH values. At pH 7.5, the measurements are highly reproducible, but the intensity ratio becomes nearly independent of pH. Between pH 5.5 and 7.5 all of the measurements on phagocytized bacteria agreed with the fluorescein-transferrin curve within + 0.3 pH units or less.
fluorescein-labeled proteins (_+ 0.3 pH units) (Fig. l) . At pH 4.5, small differences were observed but the measurements at this pH are less reliable because of the weak fluorescence intensity. When we added methylamine (30 mM) to the medium of living monocytes to collapse intracellular pH gradients, we found that live or formalin-killed L. pneurnophila both gave the same 450/490 intensity ratio, corresponding to a pH of 7.0.
pH of E. coli Phagosomes in Monocytes That Have Ingested Live and Formalin-killed E. coil
Unlike L. pneumophila, live E. coli are rapidly killed by monocytes and reside in phagolysosomes after phagocytosis (3, 12) . To determine the pH of the E. coli phagosome and the influence on phagosomal pH of killing the E. coli with formalin before phagocytosis, we measured the pH of E. coli phagosomes in monocytes incubated with live or formalinkilled E. coll. By the time we measured the pH of these phagosomes, the live E. coli would have been killed by the monocytes (12) . The average pH of phagosomes initially containing live E. coli was 5.7 _+ 0.2 (Table II) . This value was not significantly different from the average pH of phagosomes containing formalin-killed E. coli (5.6 + 0.1). In the same experiments, phagosomes containing live and formalinkilled L. pneumophila exhibited significant pH differences. Therefore, in contrast to L. pneumophila, formalin killing of E. coli before phagocytosis did not influence intraphagosomal pH.
Simultaneous pH Measurements of Phagosomes Containing L. pneumophila or Erythrocytes in the Same Monocyte
To determine if live L. pneumophila induced a general inhibition of phagosome acidification, we simultaneously measured the pH of phagosomes containing live L. pneumophila or erythrocytes in the same monocytes. We chose erythrocytes (5 ~m diam) for this comparison for two reasons. First, by fluorescence microscopy we could readily distinguish erythrocytes by size and shape from the rod-shaped L. pneumophila (~0.5 x 1 #m). Second, we had determined that in E. coli and the pH of the phagocytic vacuoles was measured as in Table I .
Each pH value is the mean ± SD of 10 to 20 independent measurements.
The experiments were carried out in parallel with experiments on L. pneumophila, and the experimental numbers correspond to those in Table I . No significant differences were observed between the pH of vacuoles in cells incubated with live or formalin-killed E. coil by the two-sample Student's t test, two-tailed. *A pH = (mean pH of vacuoles containing live E. co//) -(mean pH of vacuoles containing formalin-killed E. co/i).
monocytes incubated with either erythrocytes or L. pneumophila in the same experiment, the average pH of erythrocyte phagosomes (~4.3) was significantly different from that of L.
pneurnophila phagosomes (6.0). To determine if phagosomes within the same monocyte had different pH values, we obtained video images of monocytes containing both fluorescent L. pneumophila and erythrocytes (Figs. 2 and 3) . Examination of many monocytes containing both particles indicated qualitatively that the vacuoles that contained erythrocytes were more acidic than those that contained L. pneumophila. The intensity of the L. pneumophila was clearly brighter with 490-nm excitation than with 450-nm excitation; the intensity of the erythrocytes in the same cells was the same at both excitation wavelengths or brighter at 450 nm (Fig. 2, a We considered the possibility that hemoglobin or some other erythrocyte factor disproportionately quenched or otherwise altered the fluorescence intensities resulting from 450-and 490-nm excitation of the fluorescein label on the erythrocytes and thereby yielded a falsely low pH value. However, when we incubated monocytes with fluorescein-labeled erythrocytes and then fixed and equilibrated them to pH values between 4.5 and 7.5, we obtained the same 450/490 intensity ratios over the pH range 5.5-7.5 as on the standard curve generated with fluorescein-labeled proteins (___ 0.3 pH units). Thus, phagosomes of different pH existed within the same monocyte, and the presence of L. pneumophila in one phagosome did not apparently influence the pH of other phagosomes in the same monocyte.
Influence of Monocyte Activation on Intraphagosomal p H
Activated monocytes inhibit the intracellular multiplication of L. pneumophila (13, 14) . To determine if monocyte activation influenced the pH of the L. pneumophila phagosome, we activated the monocytes with Con A supernatant before incubating them with L. pneumophila. The pH ofphagosomes containing live or formalin-killed L. pneumophila in activated monocytes was not significantly different from the pH of these phagosomes in parallel cultures of nonactivated monocytes (Table III and 
DISCUSSION
This study shows that the pH of phagocytic vacuoles containing live L. pneumophila is substantially higher (0.8 +-0.2 pH units) than the pH of vacuoles containing dead L. pneumophila. Our study is the first to examine quantitatively the pH of phagocytic vacuoles containing a live intracellular pathogen and to compare this pH with that of vacuoles containing a dead intracellular pathogen. In one previous study, the pH of vacuoles containing a live extracellular pathogen, a yeast, was examined and was reported to be the same for live and dead organisms (10) . Similarly, in our study, the pH of vacuoles containing another extracellular pathogen, an encapsulated strain of E. coli, was the same for live and dead organisms. It is unlikely that the method of killing L. pneumophila, formalin treatment, was responsible for the pH difference between vacuoles containing live and dead L. pneumophila since the same method was used to kill E. coli, for which no pH difference was found between vacuoles containing live and dead organisms. With L. pneumophila, in contrast to yeast and E. coli, live organisms enter a different intracellular compartment than do dead ones. Live L. pneumophila enter a phagosome, whereas dead L. pneumophila and both live and dead yeast and E. coli enter a phagolysosome (3, 10) . The pH difference between vacuoles containing live and dead L. pneumophila, and the absence of such a difference between vacuoles initially containing live and dead yeast or E. coli, may reflect the different intracellular fates of these organisms. Whether pH is a primary determinant of intracellular fate or a consequence of it is unknown. In either case, the capacity of live L. pneumophila to modify directly or indirectly the pH of its phagocytic vacuole may be critical to its intracellular survival and multiplication. Consistent with this hypothesis, the capacity of L. pneumophila to multiply on artificial medium is strictly pH dependent, with a pH optimum of 6.9 (25) . The technique we used in this study allowed us to measure
